ILK (integrin-linked kinase) is a central component of cell-matrix adhesions and an important regulator of integrin function. It forms a ternary complex with two other adaptor proteins, PINCH (particularly interesting cysteine-and histidine-rich protein) and parvin, forming the IPP (ILK-PINCH-parvin) complex that regulates the integrin-actin linkage as well as microtubule dynamics. These functions are essential for processes such as cell migration and matrix remodelling. The present review discusses the recent advances on the structural and functional characterization of ILK and the long-standing debate regarding its reported kinase activity.
Introduction
In order to establish and maintain structural organization and proper function of the tissue, cells need to sense and process extracellular signals. These signals comprise soluble factors such as growth factors and chemokines as well as structural determinants such as the ECM (extracellular matrix). The ECM not only provides positional cues and a structural platform for cell attachment, but also propagates signals that regulate cell fate and behaviour [1] . Interactions between cells and the ECM are regulated by integrins, which are α/β heterodimeric cell-surface proteins and the main receptors for ECM components. Since integrins have short cytoplasmic tails that lack enzymatic activity, they recruit a large number of scaffold and signalling proteins to their cytoplasmic tails upon ligand binding. These multiprotein complexes, termed FAs (focal adhesions), have been shown to consist of up to 150 proteins. FAs not only activate a range of signalling pathways, but also provide a link between the integrins and the actin cytoskeleton [2] [3] [4] . This linkage enables cells to generate force on the ECM and thereby to execute a number of essential integrin functions, including cell shape changes, regulation of cell polarity, migration and ECM remodelling. ILK (integrinlinked kinase) has been shown to play an essential role in the establishment and maintenance of the integrin-actin connection [5] , but the exact function of this protein has long remained unclear and controversial due to its various reported catalytic and scaffolding properties. The present review focuses on recent advances in our understanding of the properties and functions of ILK.
Molecular architecture of the ILK-PINCH-parvin complex
ILK is an evolutionarily conserved ubiquitously expressed multidomain protein that was discovered in 1996 in a yeast two-hybrid screen as a β1 integrin tail-binding protein [6] . It was later demonstrated to form a ternary complex with two adaptor proteins, PINCH (particularly interesting cysteineand histidine-rich protein) and parvin, termed the IPP (ILK-PINCH-parvin) complex [7] [8] [9] [10] . The IPP complex has been shown to play a central role in the regulation of integrin function.
Sequence analysis of the 452-amino-acid-long human ILK predicted an N-terminal ARD (ankyrin repeat domain) with four ankyrin repeats and a C-terminal KD (kinase domain) linked by a PH (pleckstrin homology)-like domain [6] . The 1.6 Å (1 Å = 0.1 nm) crystal structure of the Nterminal 192 amino acids of human ILK in complex with the LIM1 domain of human PINCH1 later revealed that the N-terminus actually consists of five ankyrin repeats. Each repeat contains two antiparallel α-helices that are separated by a short loop and pack against one another. These stacked repeats form a curved superhelical spiral, the interior of which adopts a concave 'ankyrin groove' that facilitates the interaction with PINCH [11] . The PHlike domain of ILK shares sequence homology with other PH domain-containing proteins such as cytohesin-1 and GRP1 (general receptor for phosphoinositides 1) that have been shown to bind to PtdIns(3,4,5)P 3 . It was initially believed that PtdIns(3,4,5)P 3 binds to the PH-like domain of ILK and enhances the observed kinase activity towards its substrates GSK3β (glycogen synthase kinase 3β) and Akt [12] . However, later structural analysis revealed that the PHlike domain is in fact an integral part of the P loop of the KD of ILK and does not bind to PtdIns(3,4,5)P 3 [13] . Instead, the N-terminal ILK ARD and C-terminal KD are linked by a 14-residue linker domain that is either unstructured or partially structured [14] (Figure 1) .
With its C-terminal KD, ILK interacts with parvins that in vertebrates exist in three isoforms: α-parvin {also known as actopaxin or CH-ILKBP [CH (calponin homology) domaincontaining ILK-binding protein]}, β-parvin (affixin) and γ -parvin. Invertebrates express a single parvin orthologue [5] . Parvins are characterized by a less-well-conserved Nterminal polypeptide stretch followed by a single actinbinding domain that consists of two in-tandem arranged CH domains of which the second mediates the interaction with ILK. The CH2 domain alone is capable of binding to ILK and to target the complex to FA sites in vertebrates [8] and to muscle attachment sites in Drosophila [15] (Figure 1) .
The IPP complex is thought to preassemble in the cytosol, before its recruitment to FAs [16] . The ILK KD is essential for this recruitment, but it is inherently unstable and requires the chaperone Hsp90 (heat-shock protein 90) for stability. Stabilization of the KD by Hsp90 that was shown in proteomic screens to localize to FAs, also enhances the interaction between ILK and parvin, probably by stabilizing the proper confirmation of the KD [17, 18] . Inhibition of Hsp90 activity leads to removal of ILK from FAs, polyubiquitination by the E3 ligase CHIP [C-terminus of the Hsc (heat-shock cognate) 70-interacting protein] and subsequent proteasomal degradation [17] . This suggests that the ILK KD might be susceptible to force-induced unfolding at sites of high tension, e.g. at FAs, and that this unfolding is prevented by Hsp90. In this respect, Hsp90 activity, through its stabilizing effect on the ILK-parvin interaction might represent a novel regulatory mechanism for adhesion turnover. The stability of the individual IPP components is also dependent on complex formation, as depletion of ILK leads to the proteasomal degradation of PINCH and parvin and vice versa [19] . In this case, the degradation seems to be independent of CHIP E3 ligase activity (C. Pichlo and S. Wickström, unpublished work), leaving the mechanisms of IPP complex turnover open for future studies.
Validation of ILK as a pseudokinase
Since the discovery of ILK showing an overall sequence homology with protein kinases, the putative kinase activity of ILK has been controversial. Already the initial inspection of the sequence of the KD had raised suspicions that ILK might be a pseudokinase. The ILK KD contains the lysine residue in subdomain II that is required for phosphotransfer, the glutamic acid in subdomain III involved in ATP binding and the A/SPE (Ala/Ser-Pro-Glu) motif in subdomain VIII required for substrate recognition, and these residues are conserved throughout evolution. However, several other key residues required for catalysis in eukaryotes are not present [20] . The ATP-binding P loop in subdomain I of the KD contains a non-flexible non-glycine-rich NENHSG (AsnGlu-Asn-His-Ser-Gly) motif instead of the conserved flexible glycine-rich GXGXXG (Gly-Xaa-Gly-Xaa-Xaa-Gly) motif that acts as clamp to cover and anchor the non-transferable phosphates of ATP. Most importantly, the ILK KD does not contain the invariant catalytic base aspartate residue in the HRD (His-Arg-Asp) motif in subdomain VIb, which is responsible for accepting a proton from the hydroxy group of the substrate during the phosphotransfer reaction. In addition, the DFG (Asp-Phe-Gly) motif in subdomain VII, comprising the activation loop required to align the γ -phosphate, is replaced by DVK (Asp-Val-Lys) in ILK. Certain atypical protein kinases such as Mik1 and Vps15p lack the GXGXXG motif, CASK (Ca 2 + /calmodulin-dependent serine protein kinase) lacks the DFG motif, and haspin lacks both the DFG and the APE motifs. Importantly, however, kinases lacking both the DFG and the HRD motifs are generally shown to be inactive [21] .
Nevertheless, the initial study reporting the discovery of ILK showed that it phosphorylates the cytoplasmic tail of β1 integrin and myelin basic protein [6] . Later, ILK was partially purified from chicken gizzard smooth muscle and demonstrated to directly phosphorylate the regulatory light chain subunits of smooth muscle myosin II. Additionally, ILK was reported to phopshorylate substrates such Akt, MYPT1 (myosin phosphatase target subunit 1), αNAC (nascent-polypeptide-associated complex and co-activator α) and GSK3β [22] . Evidence for activity was further provided by structure-function analyses. The S343A mutation of the putative autophosphorylation site, the R211A mutation of the PtdIns(3,4,5)P 3 -binding site of the PH-like domain and the K220A/M mutation of the putative ATP-binding site were shown to be catalytically inactive. Conversely, the phosphomimetic ILK S343D mutant was shown to be hyperactive [23, 24] . However, an S343D and K220M double mutant, unable to bind ATP, regained its ability to phosphorylate Akt, implicating that ILK mediates substrate phosphorylation in an indirect manner [25] . In line with this, both R211A and K220M mutations were shown to impair the interaction of ILK with parvins, pointing to the direction that these mutations might, in fact, have structural consequences [10, 26, 27] .
Furthermore, genetic analyses in mice, Caenorhabditis elegans and Drosophila melanogaster did not provide evidence for kinase activity. In contrast, they showed that the biological function of ILK is independent of its activity. The Drosophila ILK E359K mutant, analogous to the human kinase-dead ILK, could rescue the embryonic lethality caused by ILK deficiency [28] . In addition, even though constitutive deletion of ILK in mice leads to early embryonic lethality due to defects in actin organization and epiblast polarity, no changes in phosphorylation of key substrates were observed [29] . Importantly, knockin mice that carry either the R211A or the S343A/D mutation are healthy, showing that the ILK kinase activity is dispensable. This also ruled out the possibility that another integrin-binding kinase could compensate for the lack of ILK or that ILK could have gained kinase activity later in evolution [27] . In contrast, the K220A/M mutant knockin mice die shortly after birth due to kidney dysgenesis. However, this was not accompanied by changes in phosphorylation of known substrates and no other evidence for kinase activity was observed. This mutation was, however, shown to attenuate the interaction of ILK with α-parvin. Deletion of α-parvin in mice resulted in a similar kidney phenotype to that of the K220A/M mutants, indicating that the reduced ILK-α-parvin interaction underlies this phenotype [27] . Interestingly, structural analyses later demonstrated that Lys 220 is indeed an ATP-co-ordinating residue, but that it is not directly involved in parvin binding. It is spatially distant from Met 402 and Lys 403 that mediate the direct interaction of ILK KD with the CH2 domain of α-parvin. The K220M mutation, however, impairs the structural integrity and stability of the ILK KD, which then leads to decreased stability of the ILK-α-parvin interaction [30] . What is less clear is why the phenotype is restricted to certain tissues such as the kidney. The most likely explanation is that there are tissuespecific requirements for the levels or stability of ILK-parvin complexes, and certain cell types are more sensitive to reduced abundance of functional IPP complexes.
The final strong evidence that ILK is a bona fide pseudokinase comes from the crystal structure of ILK-KD in complex with the CH2 domain of α-parvin at 1.8 Å resolution [13] . The structure reveals that, even though the ILK KD possesses the characteristic bilobal fold characteristic of known kinases, it displays an unusual Mg-ATP-binding mode and a severely degraded catalytic core. Surprisingly, the ATP bound to the ATP-binding P loop (NENHSG in ILK; GXGXXG in other kinases) is in an unhydrolysed state, and binds to only one Mg 2 + instead of two as in most kinases. Moreover, as a consequence of the conformationally rigid non-glycine P loop, the triphosphate orientation of The ILK KD has a typical bilobal structure of a kinase as well as an activation loop, but it contains several unusual features: a non-hydrolysed ATP is bound to the ILK KD, but its γ -phosphate is oriented far away from the neutral Ala 319 that corresponds to the invariant catalytic base of conventional kinases (thick broken line). The canonical DFG motif of the activation segment is replaced by DVK where Lys 341 forms a salt-bridge with the γ -phosphate of ATP, facilitating its distinct orientation. Only a single Mg 2 + ion is present in the ILK KD. Finally, the activation segment is rigid and shorter than that of active kinases, and the DVK is frozen in a 'flipped in' conformation independent of ATP binding.
the ATP is drastically different, and the γ -phosphate lies far away from the putative catalytic loop (Figure 2 ). The catalytic loop itself also displays substantial divergence from conventional kinases, such as PKA (protein kinase A). For example, the base aspartate residue, which is required to orient the γ -phosphate and to accept the hydroxy moiety during the phosphotransfer reaction is instead a neutral alanine residue (Asp 166 in PKA compared with Ala 319 in ILK). This hydrophobic alanine residue lies far away (9-10 Å in ILK compared with 2.4 Å in PKA) from the γ -phosphate of the ATP (Figure 2 ). The activation loop, which dynamically regulates kinase activity by regulating substrate entry into the catalytic core, is significantly shorter than in other kinases and lacks a conserved threonine residue required to regulate the conformation of the activation. Whereas the glycine residue in the DFG motif of kinases allows the activation loop to flip in (active) or out (inactive), the DVK in ILK remains in a 'flipped in' conformation independent of ATP binding. In addition, the structure revealed that the hydroxy group of Ser 343 , the proposed autophosphorylation site in ILK, is actually not accessible for phosphorylation since it lies buried in the activation loop and is required for structural integrity. Consistent with this finding, the reported hyperactive ILK S343D mutant showed no effect on ILK activity in biochemical assays. Finally, neither bacterially expressed ILK bound to PINCH-LIM1 nor commercial recombinant ILK showed any kinase activity on previously reported substrates [13] . As the KD was crystallized in complex with the parvin CH2 domain, it was later argued that ILK might be locked into an inactive conformation when bound to parvin [31] . However, this is in contrast with earlier studies from the same group showing that parvin binding enhances kinase activity of ILK [26] . In addition, the fact that the ILK-parvin interaction sites Met 402 and Lys 403 are spatially significantly distant from Lys 220 of the ATP-binding site makes it unlikely that the binding of parvins would regulate ILK kinase activity. Instead, it seems that the unique pseudoactive site of ILK has evolved to facilitate a specific interaction with parvin.
ILK is essential for the integrin-actin linkage
The smallest integrin-containing adhesion structures that can be observed by light microscopy are nascent adhesions and focal complexes. A subset of these can mature into larger FAs. Coupling of adhesions to the cytoskeleton and subsequent tension generated by myosin are essential for adhesion maturation [32] . A large number of studies point to a critical role for ILK in regulating this linkage. In Drosophila, deletion of ILK leads to detachment of muscles from the body wall due to fragility of the integrin-actin linkage in contracting muscles [28] . Mammalian cells lacking ILK display defects in actin reorganization and FA maturation. As a result, ILKdeficient cells are unable to transmit forces to the ECM and to migrate [17, 33] (Figure 3) . ILK itself lacks actin-binding properties, and the precise molecular details of how ILK regulates actin engagement at FAs are not clear. A possible candidate is parvin that was shown to bind actin through its two in-tandem CH domains [34] . ILK has also been reported to regulate the activity of small GTPases such as RhoA and Rac that modulate actin dynamics, but the detailed molecular mechanism of this regulation is not known [35] [36] [37] . Therefore the simplest model for the function of the IPP complex is that ILK binds the cytoplasmic tail of β1 integrin, either directly or via binding kindlin, an essential integrin-binding protein that has been shown to recruit ILK to FAs [38] . This would lead to the recruitment of the IPP complex to newly formed adhesions. There PINCH, through its ability to bind a panel of signalling proteins such as protein phosphatase 1 and Ras suppressor protein 1, would link integrins to growth factor signalling pathways. Parvins, though their ability to bind Factin (filamentous actin), would establish the integrin-actin linkage (Figure 1) . However, as the interaction of parvin with ILK occurs via the CH2 domain, it is not clear whether it can simultaneously use this domain to bind F-actin. It could be that additional adaptors such as α-actinin are required to establish the integrin-actin linkage. In the light of the large number of reported interaction partners of ILK, it is feasible to hypothesize that the IPP complex is a core scaffold for a large number of proteins with actin-binding and modulatory activities. Thus the integrin-actin linkage established by the IPP complex would act as a template to which additional adhesome components can bind, reinforcing and modulating the integrin-actin linkage. Loss of ILK would therefore lead to significant alterations in the global molecular composition of adhesions rather than to a single molecular defect. Further experiments using super-resolution imaging and proteomic analyses of the adhesome in ILK-deficient cells are now needed to uncover the complexity of this regulation.
In certain cell types such as fibroblasts adhering to an FN (fibronectin) matrix, FAs will mature into so-called fibrillar adhesions [39] . Fibrillar adhesions are elongated adhesion structures located in the central region of the cell. Maturation of fibrillar adhesion is tightly connected to the formation of FN fibrils. Interestingly, ILK-deficient cells are unable to form fibrillar adhesions [40] and their ability to deposit a FN matrix is severely compromised [17, 41] . FN matrix deposition is a cell-driven process that critically depends on integrins. They bind the secreted globular FN molecule and facilitate the generation of mechanical tension by the actin cytoskeleton to stretch the bound FN molecule. This exposes cryptic self-association sites that interact with other FN molecules resulting in fibril formation [42, 43] . As ILK does not seem to regulate the affinity of the FN-binding integrin α5β1 to its ligand [41] , it is likely that the inability of ILK-deficient cells to deposit FN results from their inability to transduce force on the ECM [17] (Figure 3 ). This defect has functional relevance in vivo as ILK-deficient mice show defects in basement membrane maintenance during development and impaired matrix remodelling during wound healing in adults [35, 44] . Interestingly, and in apparent contrast, ILK-depleted cells display a hypercontractile phenotype characterized by increased RhoA activity and myosin phosphorylation [35, 45] (Figure 3) . The molecular mechanism of this phenotype is not clear. One possibility is that it represents a feedback loop for cellular force transduction. Since cells lacking ILK are unable to pull on the underlying matrix due to a weak integrinactin linkage, they would proceed to attempt reinforcing this linkage by up-regulating pro-contractile signalling.
Regulation of microtubule dynamics by ILK
In addition to its central role in actin reorganization, recent studies have uncovered a central role for ILK in regulation of the microtubule cytoskeleton. Microtubules are a highly dynamic cytoskeletal network that defines cellular architecture by regulating organelle positioning, transport and turnover, as well as cell shape and mechanics. This is important during cellular processes such as migration or polarization. ILK has been shown to regulate cell polarity in several different cell types such as the epiblast, neurons, keratinocytes and mammary gland epithelial cells [29, [46] [47] [48] . Microtubules exist in a constant equilibrium of assembly and disassembly, termed dynamic instability, and tight regulation of this equilibrium is central to their function [49] . Recent studies assign a central role for ILK in regulating the orientation and stability of the microtubule network. ILK does not associate with microtubules directly, but acts by capturing the growing plus ends of microtubules at the cell cortex through interactions with plusend-binding proteins. This local stabilization is important for epithelial cell polarity and for vesicular trafficking of caveolin, a structural component of lipid rafts [46, 50] . In addition, ILK-mediated stabilization of microtubules seems to play a role in organization of the mitotic spindle [51] . As microtubules are involved in a panel of key cellular processes, such as endo-and exo-cytosis, this remains an interesting avenue for future research. It is of particular interest to investigate whether the functions of ILK in modulation of intracellular signalling, which were initially attributed to its kinase activity, could in fact be a result of ILK-dependent spatiotemporal regulation of local concentrations of signalling molecules.
Concluding remarks
Since its discovery almost 20 years ago, a lot of effort has been put into analysing the potential kinase activity of ILK. Recent data have firmly validated ILK as a pseudokinase, resolving the debate and revealing interesting insights into the functions of pseudokinases. More detailed understanding of the ILK-parvin pseudosubstrate interaction and its precise roles in FA maturation, cytoskeletal remodelling, vesicular traffic and signalling are important tasks for future research.
